Low-X measurements at STAR
Hank Crawford UCB/SSL
Program goals for low-x

X of parton interactions inferred from mt®m®
and nt°h correlations through NLO pQCD

Experimental investigation of pp and dAu
correlations at x~0.1-0.001

Comparison to theory
DY extension to lower x



Program

Investigate internal structure of proton

Determine nuclear gluon densities at low x
to understand energy densities in RHI collisions

See color force effects in A for % vs y*

All are sensitive to low-x parton distributions

Note: NLO pQCD based on fragmentation functions and fits to global data in theoretical

framework is the tool to understand the dynamics
Pythia is “tuned” to reproduce experimental data — an excellent tool but susceptible to tweekers



Structure Functions

looking inside a nucleon or nucleus w/ leptons (and quarks?)
dO/dQ = (dO/dQ)pointl F(Cl) | 2 (note-unpolarized)

do/dQ) ..« = do/dQ)you = (Za)?E?(1-v2sin%(©/2))/4k*sin*0/2

static charge target

point

For static target, F(q) = Fourier transform of charge distribution

F2 derived from electromagnetic probes of nuclear targets that recoil and react
— Are the resulting pdfs universal (ie, hold for strong force as well as em)?

2xF1(x) = F2(x) = xZefi(x); x=Q%/(2Mv); v=(p.q)/M
callan-gross f«(x) is probability to have f-flavor parton with fraction of
protons momentum X

FL = F2-2xF1 : gets large at low x

We are interested in what the inside of a proton looks like —
do we start with Thomson’s atom?



Pdf — simple

From Halzen and Martin, “Quarks and Leptons”, 1984, p201
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Evolution equations

see Pythia 6.321 Manual

A hard scattering, e.g. in deeply inelastic leptoproduction, will probe the hadron at a
given instant. The probe, i.e. the virtual photon in the leptoproduction case, is able to
resolve fluctuations in the hadron up to the Q? scale of the hard scattering. Thus probes
at different Q2 values will seem to see different iParton compositions in the hadron. The
change in parton composition with ¢ = In(Q?/A?) is given by the evolution equations

dfb(x t) E /dr o 1) S Pa_‘,x(%). (187)

Here the f;(z,t) are the parton-distribution functions, expressing the probability of finding
a parton 7 carrying a fraction z of the total momentum if the hadron is probed at virtuality
Q2. The P, .1.(z) are given in eq. (164). As before, ag. is a5 for QCD shower and aem
for QED ones.

The splitting kernels P, _.p.(z) are

1+ 22
Pq—Aqg(Z) = CF‘ 1—2°
(1—2(1-2))?
- N - <))
P .pe(z) = N¢ =2
Ppg(z) = Te(+(1-2)%),
1+ 22
Poar(2) = gﬁ’
1+
Prol) = 452, (164)

with Cp = 4/3, N = 3 Tp = nf/2 (i.e. T receives a contribution of 1/2 for each
allowed qq flavour), and e and ef the squared electric charge (4/9 for u-type quarks, 1/9
for d-type ones, and 1 for leptons)

Crawford - RBRC



PDFs before and after HERA

Parton Distribution Functions, 0°=4 GeV?
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At RHIC Q% ~ p;?
Our p;~ 2 GeV
Is sensitive to
0.001<x<0.01

Note the large changes
in xg(x) at low x

in range .01-.001 we
can already contribute



X1 and X2
momentum fractions of interacting partons

Pythia 6.222 PQCD : GsV PhysLetB 603(2004)173
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Get x from correlations between a trigger or leading particle ( a n° in the FMS)
and a subleading particle (a TPC track hadron, or a BEMC nt%, or another FMS 1)
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2-body kinematics at STAR
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_ Ed%/dp’ (‘f.b c*/GeV?)

PRL 97

NLO pQCD

Cross sections agree with NLO pQCD down to pT~2 GeV/c
over a wide range of pseudorapidity, 0<n<3.8, at sqrts=200 GeV

p+p—>m+X s=200 GeV

n° mesons

® 37<n<4.15
¥ 3.4<n<40

B 3.05<n<3.45

>33 N

~
NLO pQCD cale. ™.
— KKP FF )
Kretzer FF -

l 'l l

30 35

2006 152302 nucl-ex/0602011

Our 110 data is used in "Global analysis of fragmentation functions for pions
and kaons and their uncertainties” , D. de Florian, R. Sassot, M. Stratmann,

Phys. Rev. D76 (2007) 114010.
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PLB 637 (2006) 161
Hi-p; data: Xu Y. QM09
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Fits to “raw” data

Pythia GSTAR vs Clusters in data

p+p, vs=200 GeV, E,,;> 30 GeV

il PYTHIA 6.222 /GSTAR, no smearing

— PYTHIA 6.222 /GSTAR, smearing

— datag, run=9057004

Pt
WWWWN%

Fig. 4 Intercomparison of cluster pair
invariant mass from data (blue) to full
PYTHIA/GEANT simulations from
the Forward Meson Spectrometer. In
general, most aspects of the p+p data
are present in the PYTHIA/GEANT
reconstructions [8].

arXiv:0906.23332

Pythia 6.222 agrees well with our data

Crawford - RBRC
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General ¥ reconstruction

di—photon mass, <n >=<ns>=3
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Typical mass
Cuts in analysis
0.1<M,,<0.2 are
|dentified as r°
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Coincidence Probability, P (radian™)
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Our signal:
Same side and
away side peaks
and widths

(and composition)

Parton Distribution Functions, 0°=4 GeV*
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Crawford - RBRC
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FMS-FMS

Data

Blue is from
Marquette
See below
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FMS-TPC: % 5-hpip P dependence
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Crawford - RBRC

prFM3)>2 5GeV ; pr{TP¢)>1.5GeV

pT(FM5)>2_OGeV ; pT(TPC)>1 .0GeV

dAu = pp
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FMS-BEMC: %, 5-1°p P dependence
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p+p-> O+m%+X
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FMS-FMS : m°-nt® p; dependence
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In addition to p;, we can cut on centrality
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Scanning pt

ptp — AT+ X, Vs = 200 GeV

Normalized to number of p‘zﬁ 2@% pz;p;‘j/sz
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Wider range p; scan (p;'"9 =2.0 to 3.5GeV, p*ss° = p,'9 /2)
for.dAu is coming Crawford - RBRC 20



Centrality dependence of correlations

dAu data
<|VIBBC(E)> n° (FMS) d+Au = 1°m°+X, Vs = 200 GeV

p/Au P > 2 GeV/c
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IO00000000
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phototubes

STAR Run—8 d+Au Configuration
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Impact parameter b in H

jing

Minimum bias d+Au, vs = 200 GeV
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Minimum bias d+Au, vs = 200 GeY
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Uncorrected Caincidence
Probability {(radian™)

Centrality dependence of correlations
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dAu data
d+Au — n°n°+X, vs = 200 GeV
?:v" . P > 2GeV/c
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® Near-side peak similar

p+p vs. d-Au
® Away-side signal changing
with centrality:
® Peripheral d+Au collisions
similar to p+p
® Central d+Au collision show
strong suppression
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Pythia+GSTAR embedded into peripheral d+Au

Embedding Study -

Pythia(6.222)}+GSTAR Only

120

[ 1) No trivial away—side peak disappearance
50 1-2) Worst cose: particle multiplicity higher than in actual dota

[ 3) Quantification of peak integrols requires coreful
background treatment

[l o el o Bl o Ul o Bt o Bl o Gt f

8
Ap(subleading—leading) (rad)
B0 i i
Pythio+GSTAR embedded into central d+Au
40
20
L ot R TN A e L ST TS e S W e
0—1 0 1 2 3 4 5
Ap(subleading—leading) (rad)
200
100 [ 1) No trivial away—side peak disappearance
I 2) Worst cose! particle multiplicity higher than in actual dota
C I - d H h [ 3) Quantification of peak integrols requires coreful
orrelation preserved even with mean [ background treatment
multiplicity from embedding > multiplicity dtputisaiiigeading) (red)

for triggered dAu data
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Back-to-back Angular Correlations

pQCD 2=»2 process =back-to-back di-jet (Works well for p+p)

® Forward jet
P lef 2, W

.
p d+Au in HIJING
- No shodowing ~ 3<7.<4
Mid-rapidity jet s A 1<ne<4
 — Shadowing "0 >2.5 GeV/c
With high gluon density : i P2z,

1.5<py,<
2=>1 (or 2=» many) process = Mono-jet ? 200} ., B

Mono-jet

Dilute parton 100 L

system (deuteron

d+Au = n°+n°+

P, is balanced by B 1 o 5 4 & &
Dense gluonfield (Au) many gluons 80=0p — Pr2

CGC predicts suppression of back-to-back correlation

Cor)vgntional shadowing changes yield, but not angular correlation A.Ogawa
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Comparison w/ Marquette

CGC forward mms, Pr Praw ANd Prs> Praw/ 2
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CGC with Q 2=1.5 GeV?

Fig. 2b Theoretical predictions in the framework
of [1] for the centrality dependence of azimuthal
correlations for d+Au collisions

CM doing b strips
to make better
comparison
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CGC forward mums, Pro’ Praw ANd Prs™ Praw/ 2
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Fig. 2a Theoretical predictions in the framework
of [1] for the pr dependence of azimuthal
correlations for central d+Au collisions.

Crawford - RBRC

d+Au = mn’+X, Vs = 200 GeV, 2000< T Qe < 4000
§ 0.0:5:— pr>2 GeV/e, 1 GeV/c<pys<py
o C I <p>=3.1, <N>=3.2
£ §0.005" +++._+ — CGC4offse
o% L \ CGC+offset
it 4 Ly
£ 0.02- :r %
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50 #/ ‘Jr. 4"&?% .
ggoo1sth o ""*"'
o0 F
[ Peaks
0.01F &a
[ 0 0.4840.02
0.005:—§ STAR m 1.75£0.21
OllplrlelllmllijOI’ylllllllllllllllllll
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Cyrille Marquet: arXiv:0708.0231
Nucl.Phys.A796:41-60,2007
b=0
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Comparison with Tuchin

0012"' """"" L L S RS B
[ dAu 0-20%, yr=3.1,y,=3, pr>2, 1<p,<pr
0010

0.008

Kirill Tuchin: arXiv:0912.5479v1 g 0006}
normalized to peak height 0.004 |

0.002
CGC with Q2 ~ 1.5 GeV?

AAAAAAAAAAAAAAAAAAAAAAAAAAAAA
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Comparison to H

ijing
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Also have uRQMD

Crawford - RBRC

Run8 data (see#1 6)
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Forward rapidity d+Au

Expectations from Color Glass Condensate

1/\7° related to rapidity of 1 .
T= ln(/x] produced hadrons. R, = dAu
2 %
T - S . Q. /A’ pA 2*197 Y pp
i i Rtoy D. Kharzeev
1.75} hep-ph/0307037
: As n grows
T, )| Parton Gas 1.5 ng
1.25¢
i BEKL 1t
; 0.75}
‘ DGLAP 0.5
i -
A Ink? InQ"~ 0.25¢
Iancu and Venugopalan, hep-ph/0303204 T

CGC expects suppression of forward hadron production
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Suppression: Ry,

vSu=200 GeV

51 _______________ 2l -« d+Au FTPC-Au 0-20% n
O | e »*(<n>=4.00) . i & d+Au Minimum Bias )
ro h” (n=3.2) & . )
0.8-° " (n=2.2) 8 - :
Q@ 15 .
53 o ‘
0.6- n° mesons <n>=4.00 |
—— shadowing(KKP) 5 . . -
mi — — shadowing(Kretzer) L SRR : g T S
1 |+ * * multiple scattering [~ . " :
0.4~ )
0.5} N
0.2 jormolizati - ¥ :
mi:g’; =17% o " +Au+Au Central )

1 pr (GeV/c) 2 PSP PP EPEPEEPEE B U | a2
—ta ob 2 4 6 8 10

% 1 2 3 pr(Ge‘t//c)
Note that overall 1T production is suppressed
below 3 GeV in dAu compared to pp
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Is saturation really the explanation?

-~ 14
‘ n=3.2 ‘ Dumitru, Hayashigaki Jalilian-Marian & | 1e32 !_WMS
NP A765, 464 B2 b
10 . : , R — : — & PRL 93, 242303
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1L _1'|!l x- and DGLAPﬁ:}OIl]lll(t)ié)S _________ ] 1
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A CGC calc. gives a very good description Reproduce p- trend and centrality dependence.
of the pT dependence
R RY Ry
l 4 _! TTTTIT T IIIIIHI T IIIIIHI T IIIII— T TTTTT] T IIIIIIII T IIIIIIII T I\I:JI T T TTTI] T IIlIIIIl T \IIIIIIl ’~I !I‘:JII_ l 4
Paukkunen et al (QMO09) 3 12 - : /N 12
1.0 P, 3 '_'_'_'_"_;','_'.:—'—"'_' 1.0
EPSO9 2 05| a 03
‘0 0.6 .—.- Egsos S .- 0.6
=04 HKNO7 (LO) |- 0.4
o === EPSO8 T §
&5 02 —— ipsqo) T - \ 0.2
0.0 41 IIIllIIl ;1 IIIHlJl ’I IIIIIHI Lo 4l IIIlIII| _;1 IIIIIII| -’l IlIIIIll lI Illlll_;T—l—lllllll ;I lllIlIll 1 llllllll 1I L1 0.0
A:Qgawa 107 creovfor0™ra 107 107 107 100 107 107 10°0N\100 1 31

T T T



Mapping Saturation Scales

need to get to lower x

d+Au-> rO+m0+X

- 0=0.842 £ 0.040

P2 GeV/e, 16GeV/c<prs<pr
[ J\”r <y >=3.1, <15>=3.2 NA
: ff \ > Kowalski and Teaney
-/ +\ Q Phys.Rev.D68:114005,2003 Q. .2
./ w ;-l-_¢++++ o S,8
3 = 4oL PartonGas
i Peaks N B

Ay o 0 i
pA I eepr:

X=.01 Fwd-Mid

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

%
" Run8 FMS-BEMC
lo pT cut

S=0.0931+0.040
¢

3/19/%awa

5=0.020+0.013

0.1

X=.001 FwdFwdCnt
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CGC
- Xin 2 =» 2 process
‘ X in 2 =» 1 process
10> 10° 10* 10° 10°
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DY for lower x

* Drell-Yan qgbar -> y*->ete- OR p+u-
— Xp=x1-x2
— M2 =x1ex2¢s where s = (Ey)?
— x2 = -xF +/- sqrt(xz2+4M?/s)
— x2 =M?/xy/s
* 250 GeV p on 100 GeV Au
* For 250 GeV p on 100 GeV Au, get
¢ S2=E? - p?=(250+100)2 —(250-100)2 =316 GeV
* For M(y* )=3.2
— =>x2=10*

Lower M* => lower x2
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DY M* range

SG dimuons

%16‘%—
§104;_ Above J/U the
E Primary bkgd
103_ IsY
1&.%—
10
0

0 12
Mass (GeV)

Figure 7: Dimuon invariant mass dN*"*~ /dM cocktail distributions in the PHENIX muon spec-
trometer acceptance, from full PYTHIA plus PHENIX detector simulations. Black = Total, Light-
Blue = J/V, Light-Gray = V', Blue = c¢, Magenta = bb, Green = Drell-Yan, Light-Brown = three
Upsilon states.

Crawford - RBRC 34



Forward J/Y -> ete ->M(J/Y)
measured in FMS at STAR

170
160
150
140
130
120
110

100
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e

Preliminary

Fig. 8 Reconstructed mass from pairs of
clusters observed at forward rapidity with
the FMS. Each cluster is subjected to an
isolation cut, to reduce backgrounds from
\ neutral pion decay and jet production. A
further requirement is imposed on the

\ transverse momentum of the cluster. The

‘ | Gaussian peak is consistent with
observation of J/Ap produced with

w7 M T T T T[T T T T[T T T[T I T [TTTT]
+

J |
| ’ T <xp>=0.67. The x; dependence of JAp
production in p+p collisions could come
from large-x intrinsic heavy components in
T I the proton wavefunction [12].

3.2 33 34 35
M_pair [GeV/c”2]
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DY A, motivator

A pr4p— m+X at vs=200 GeV
0.15¢

01250 ﬂ?"“
: P I- -
0.1 E reliminary
P 2.5<
0.075F 5<n<4 (FMS) {
0.05F ¢
b ¢
0.025F L
TR
oF 5% Sk - FORRR——
—0.025 est. O £ 1,20
—0.05 R

06 0402 0 05 04 08

X
Fig. Sb Feynman x dependence of the analyzing
power for 7 production from the FMS. These
results integrate over a different pseudorapidity
range from published results [4].
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gg interaction leaves different
Color field than
gqgbar leaves.

Apparently more robust
calculations concerning

color interaction are possible
with DY measurements;
Color-induced phase differences
suggest that Ay(DY) is of
different sign than Ay(n°)
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DY spectrum

p+p—>ete™+X, vs=500 GeV, PYTHIA 6.222, L,=14 pb™

107 __AllDY

—madel 1

__model 2
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T T Illllll
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Fig. 5 Kinematic distributions for the virtual photon. Model 1 would be a final facility
and model 2 is the first stage of the proposed feasibility test for studying DY production at

Crawford - RBRC

model 1 = 2x2 m2 EM+H at 10m
w/10 cm x 10 cm hole

model 2 = existing FHC + EM
at 5m
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DY Yield vs rapidity

p+p —> e’e + X, SLdt = 200 pb™

All events with M,, > 4.0 GeV

2" /- 200 y=0.5In((E+p,)(E-p,)

) VE = e 56 /
—~12500- I ’

10000 model 1 = 2x2 m2 EM+H at 10m
w/10 cm x 10 cm hole

75001 . model 2 = existing FHC + EM
| | { ‘ at d5m

2500 J |

Also requirerx, > 0.3 LHu T
O_Af = 1 — ] L |'..~J‘.-_.rq—:"?v' - Jrlrll—u}

-5 -4 -3 -2 -1 0 1 2 3 4 5

Yy L.Bland
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p+p—>e*e™+X, vs=500 GeV,sg’

10
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model 2
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DY test plan

Fig. 10 Kinematic distributions
for the electron and positron decay
products of the virtual photon.
Model 1 would be a final facility
and model 2 is the first stage of the
proposed feasibility test for
studying DY production at RHIC.
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DY plan

First — calorimetry (E + H) with charged/neutral selection
we have already seen the J/{ this way
and that was without any hadron calorimeter

Add tracking if needed

Use all fast detectors and electronics — run at 10 MHz

Determine sign of A, and requirements for
DY study of x distribution



Outlook

Complete efficiency studies and publish m°h and n°mn®
correlation results for pp and dAu

Complete FMS-EEMC correlations to fill 1<n,<2
in study of rapidity dependence

Complete J/P measurements
Measure A, (DY) above J/W to see color force

Measure P(x) at x~10* for M(y*)>3.2 GeV



backup



